We report novel analytical procedures allowing for the concurrent determination of the stable and massindependent Cr isotopic composition of silicate materials by multiple collector inductively coupled mass spectrometry (MC-ICPMS). In particular, we focus on improved precision of the measurement of the neutron-rich isotope 54 Cr. Because nitride and oxide interferences are a major obstacle to precise and accurate 54 Cr measurements by MC-ICPMS, our approach is designed to minimize these interferences.
Introduction
Chromium has four naturally occurring isotopes -50 Cr, 52 Cr, 53 Cr and 54 Cr -with relative abundances of 4.35%, 83.79%, 9.50% and 2.36%, respectively. Variations in the relative abundances of these isotopes in meteorites and the terrestrial rock record can be used to study processes associated with the formation and evolution of the earliest solar system as well as ancient and modern terrestrial environments (e.g., ref. [1] [2] [3] [4] . In cosmochemistry, chromium is particularly useful because the abundance of 53 Cr and 54 Cr provides temporal and spatial information on early solar system processes (e.g., ref. 1 and 5-7) . Given that the documented Cr isotope variations are typically small, improving the precision of Cr isotope measurements can potentially allow for a better understanding of the processes that shaped our solar system. Of the two Cr isotopes particularly relevant to cosmochemists, namely 53 Cr and 54 Cr, the neutron-rich 54 Cr nuclide is predominantly produced by neutron-rich statistical equilibrium or quasi-equilibrium processes occurring in a type Ia supernova. [8] [9] [10] In contrast, 50 Cr, 52 Cr, and admixing of variable amounts of pre-solar carriers heavily enriched in 54 Cr. 11, 12 The presence of nucleosynthetic 54 Cr variability between different bulk solar system reservoirs provides a means to explore genetic relationships between early solar system condensates, diverse asteroids and the terrestrial planets. 6 However, the total range of known 54 Cr variability in bulk meteorites is limited to only $250 ppm. 6 Thus, taking full advantage of potential 54 Cr variability to track genetic relationships between early solar system reservoirs requires highlyprecise 54 Cr/ 52 Cr measurements.
A minor additional component to the nucleosynthesis of 53 Cr comes from the decay of the short-lived radionuclide 53 Mn. 13, 14 With a half-life of 3.74 Ma, the 53 Mn- 53 Cr decay system is a powerful chronometer to date asteroidal differentiation processes in the early solar system (e.g., ref. Precise measurement of the radiogenic and nucleosynthetic components of Cr isotopes in meteoritic materials has so far primarily been performed by thermal ionization mass spectrometry (TIMS). This approach allows for the analysis of small quantities of Cr on the order of 0.5-1 mg with a typical external reproducibility of 10-20 ppm for 54 Cr/ 52 Cr ratios, 5,17-20 making the uncertainty a limiting factor in the resolution of potential small differences between distinct reservoirs. Moreover, signicant improvement in Cr isotope measurements beyond the current state-of-the-art is limited by complications inherent to TIMS analyses such as, for example, lament poisoning and reservoir fractionation effects (e.g., ref. 21) . In contrast, isotope ratio measurements by multiple collector inductively coupled plasma mass spectrometry (MC-ICPMS) may allow for signi-cant improvement in reproducibility owing to the samplestandard bracketing technique. Indeed, recent studies have demonstrated that it is possible to obtain external reproducibilities below 5 ppm for the analysis of internally normalized Mg and Ca isotope ratios of chemically puried silicate matrices by MC-ICPMS. [22] [23] [24] [25] [26] Although some attempts have already been conducted to measure nucleosynthetic and radiogenic isotope effects on 53 Cr and 54 Cr by MC-ICPMS, 16, 27 the external reproducibility of these measurements has not been signicantly improved compared to typical TIMS measurements. This primarily stems from the presence of irresolvable isobaric interferences that affect the Cr mass array resulting from residual impurities in the Cr analyte solution such as, for example, 50 Therefore, it is apparent that a prerequisite to high-precision Cr isotope analysis by MC-ICPMS is the efficient removal of interferences and careful assessment of the accuracy of applied corrections.
Here we describe a novel analytical approach utilizing MC-ICPMS that addresses these issues and allows us to measure the nucleosynthetic and radiogenic isotope effects on 53 Cr and 54 Cr to a precision that is comparable to traditional TIMS analysis for similar sized samples and offers a signicant improvement where the sample is not limited. In addition, this approach allows for concurrent determination of the stable Cr isotopic composition of the sample allowing for better quality assessment of the data.
Analytical methods

Chromium separation from the sample matrix
Chromium occurs in nature either as trivalent Cr(III) or hexavalent Cr(VI). The difference in valance state affects the ion chromatographic properties of Cr, which is commonly utilized to separate the two species (e.g., ref. 28) . Therefore, to maximize total Cr yields, care was taken to ensure the conversion of all Cr into the required oxidation state prior to each chemical separation step. We describe below a four step column chromatographic procedure (summarized in Table 1 ) aimed at providing high Cr yields and efficient purication from matrix elements. First, all samples were puried for Fe by passing the sample through AG1-X4 200-400 mesh anion resin in 6 M HCl (Table 1 ). The resin bed was typically 2 mL for sample sizes of 50 mg. Cr was collected with the initial load and an additional 4 mL of 6 M HCl.
In a second step, total sample equivalents of 10 mg were passed through $2 mL of BioRad AG50W-X8 200-400 mesh resin. For larger samples, volumes were scaled accordingly. In preparation of this separation step, samples were uxed for 12 h in 6 M HCl to convert Cr to its trivalent form. The solution was diluted then to 0.5 M HCl with distilled water and loaded onto the resin. The Cr cut was collected in the initial load and an additional 20 mL of 0.5 M HNO 3 . The remaining matrix was eluted from the column in 10 mL 6 M HCl. To ensure near complete recovery of Cr in this step, the eluted matrix was collected and reprocessed through the same column and the Cr cuts from both elutions were combined.
Remaining trace amounts of Ti and V were specically targeted in the last two separation steps using Eichrom TODGA resin. The rst TODGA resin step utilizes the high retention of Ti on the resin in concentrated HNO 3 , while the second step takes advantage of the retention of V in 8 M HCl. 29 Samples were loaded onto a 0.75 mL resin bed in a pipette tip column in 0.5 mL 14 M HNO 3 and Cr was collected in the load and an additional 4 mL of 14 M HNO 3 . Subsequently the resin was cleaned by alternate washing with distilled water, 6 M HCl and 7 M HNO 3 . Following this step, the Cr fraction was converted into chloride form and loaded in 0.5 mL 8 M HCl onto the same resin bed. The Cr was collected with the load and an additional 2 mL of 8 M HCl.
Because any remaining trace of Fe in the sample requires signicant interference corrections on 54 Cr, samples were passed through a nal anion chemistry identical to the rst Cr separation step but using a smaller resin bed and elution volume of 0.25 mL and 3 mL, respectively. Each sample was monitored prior to analysis by MC-ICPMS for Fe concentration and samples that required more than 100 ppm correction on 54 Cr from 54 Fe were re-processed through the Fe separation step. Total procedural blanks of this procedure were on the order of a few ng of Cr and inconsequential considering the size of the samples and their Cr isotopic anomalies.
Chromium isotope measurements by MC-ICPMS
Chromium data were acquired with the ThermoFisher Neptune Plus MC-ICPMS located at the Centre for Star and Planet Formation (Natural History Museum of Denmark, University of Copenhagen). Because the gas based 40 Ar 16 O and 40 Ar 14 N interferences increase signicantly when using high sensitivity cones such as the Jet sample cone and the skimmer X-cone offered by ThermoFisher, a lower sensitivity approach was taken by combining a Jet sample cone with a skimmer H-cone. This lowers the sensitivity by about 30% compared to a Jet sample cone and skimmer X-cone, but reduces oxide and nitride interferences by a factor of at least 2-3. To further reduce these interferences, samples were introduced into the plasma in 2.5% HNO 3 via an ESI Apex IR desolvating nebulizer with triuoro-methane (CHF 3 ) as the supplementary gas instead of using N 2 . Although the introduction of carbon creates a signicant 40 Ar 12 C interference on 52 Cr, the gas signicantly reduces the nitride and oxide interferences and has a positive inuence on overall signal sensitivity and stability. Optimal sensitivity combined with minimal oxide and nitride production was achieved by running in 'cold plasma' mode with an RF power of 600 to 800 W depending on daily tuning conditions. Under these analytical conditions, the 40 Fe signals. Data were acquired on the low mass side of the Cr peak typically at a centre mass of 51.910 or $0.030 atomic mass units (Da) from the peak centre using the 16 mm entrance slit with a resolving power (M/DM as dened by the peak edge width from 5-95% full peak height) that was always greater than 8000 for 54 Cr to ensure a interference-free peak at plateau. At this given resolution, this peak position allows the collection of carbide, oxide and nitride interference-free signals for all Cr isotopes as well as 49 Ti, 51 V, and 56 Fe (Fig. 1 ).
Peak centres were performed only at the beginning of an analytical session and no peak dri was observed for sessions lasting more than 48 h. Because the Neptune peak centre routine was applied to the 52 Cr signal, which also comprised of a 5-10% 40 Ar
12
C interference signal, slight differences in the peak centre position exist between different analytical sessions. Therefore, aer determining the peak centre position, the position of the interference-free plateau was determined by measuring the Cr isotopic ratios across the low mass side of the Cr peak at different individual mass positions prior to each analytical sessions in a similar fashion as described by Weyer and Schwieters (2003) . 30 Based on this experiment, an ideal mass position for analysis was determined and used for the remainder of individual analytical sessions.
Samples were typically analysed at a 52 Cr signal intensity of 100 V and beam intensities of standard and sample were matched within 5% of each other. Each analysis comprised a total of 1259 s of combined wash out and baseline measurements obtained on-peak (in the same 2.5% HNO 3 solution used to dissolve samples and standards) and 1667 s of data acquisition (100 scans integrated over 16.67 s). In between each step the auto sampler probe was cleaned for 30 s in a rinse solution of the same molarity. From the 1259 s of data collected in the on-peak zero solution, only the last 800 s were used as baseline measurement. This approach allowed close monitoring of the wash out behaviour of the sample and standard. Where sufficient Cr is available, samples were systematically analysed 10 times over a time span of $18 h consuming a total of 30 to 60 mg Cr.
Data reduction
All data reductions were conducted off-line using the freely available Iolite 31 data reduction soware that runs within Igor Pro. The Cr data reduction module used for the data reported here can be freely obtained from the authors on request. Background intensities were interpolated using a smoothed cubic spline, as were changes in mass bias with time. Iolites 'Smooth spline auto' choice was used in all cases, which determines a theoretically optimal degree of smoothing based on variability in the reference standard throughout an analytical session. For all reported data the baseline subtraction was conducted using the 'automatic' spline option of Iolite, while standard interpolation was done using the 'smooth spline auto' option. Stable isotope ratios are reported in the d notation according to the following formula: 
Discussion
Reduction of gas based interferences
A major challenge when measuring Cr isotopes with an Arbased plasma is the isobaric molecular interference resulting from the Ar gas. In particular, 40 Ar
16
O and 40 Ar 14 N are troublesome because they produce interference on the masses 54 and 56 and, thus, resolving these interferences is necessary for acquiring precise and accurate 54 Cr data. As such, we focused on minimizing the contribution of molecular argon species to the Cr mass array. This was achieved by taking several steps. (1) Instead of using the highest sensitivity sample introduction sampler and skimmer cone setup of the Neptune Plus, a combination of the Jet and X-cone, we opted for a somewhat less sensitive combination of the Jet sampler cone and H skimmer cone. This results in at least 30% sensitivity loss for the Cr signal, but reduces the oxide and nitride production rate by a factor of 2-3, effectively improving the sample over oxide and nitride signal. (2) Reduction of the RF power has long been known to be an effective mechanism to reduce the oxide production rate (e.g., ref. 33). In the case of our approach measuring Cr isotopes, a lower RF power of 700 W compared to the usually applied 1200 W also resulted in a slight sensitivity improvement of the Cr signal of 10 to 20%, while suppressing the oxide and nitride production by a factor of ($2-3). Finally, the usual additive gas of the apex sample introduction system is N 2 . While addition of an additive gas is not essentially required, it does improve signal stability and can enhance the sensitivity of the system. However, considering that one of the biggest challenges in measuring a precise 54 Cr signal is resolving the 40 Ar 14 N interference, unnecessary addition of N 2 is counterproductive. To circumvent this problem, we turned to triuoromethan (CF 3 H) as an additive gas. A positive effect on the reduction of molecular interferences through the addition of Cr signal and when measuring under the analytical conditions described in the text. (B) depicts the interference area of the Cr peak at the low mass end when measuring the blank solution. Indicated in both figures is the approximate mass position at which the isotopic measurement was typically conducted.
CF 3 H to the Ar plasma has previously been reported 34 and can also be observed for 40 resolution slits of the Neptune Plus, it is possible to obtain an interference-free plateau of 5 to 10 milli mass units on the low mass side of the peak. The position of and centre of this plateau were determined prior to each analytical session. Ti of more than 1609 ppm to the 50 Cr signal (Table 2) , which is at least a factor of ten larger than that measured for natural samples processed through the Cr Cr of À0.288 AE 0.027, which is comparable to chondrites. The compositional difference between Bilanga and NWA 2999, which are both products of differentiated planetesimal, is surprising because an isotopically heavier stable Cr composition of BSE with respect to chondrites has been used to argue for Cr isotope fractionation during low temperature parent body differentiation on planetary embryos. 40 In particular, Moynier et al. suggested that the oxygen fugacity may play a role in the isotopic fractionation with higher fugacity imparting larger isotopic fractionation during metal-silicate differentiation. This, however, is not supported by the stable isotopic composition of the Bilanga and NWA 2999 meteorites coupled with estimates of the oxygen fugacity during angrite and eucrite formation, which appear to have been more oxidising on the angrite parent body. 41 Considering that no single type of chondrite can explain the chemical and isotopic composition of the Earth, 42 this suggests that differences in the stable isotopic composition of Cr between meteorites and Earth are not predominantly controlled by metal-silicate fractionation but are instead the product of differences in the stable isotopic composition of their precursor material. This scenario is apparently consistent with the lack of Cr isotope homogenisation amongst bulk solar system reservoirs as evidenced by the presence of widespread 54 Cr nucleosynthetic heterogeneity. 6 In agreement with earlier work, 39 we conclude that accurate and reproducible stable Cr isotope data can be obtained by standard-sample bracketing using MC-ICPMS. Moreover, the lack of an isotopically enriched spike in our approach offers the possibility to concurrently determine stable, radiogenic and nucleosynthetic isotope effects, which are of particular interest in cosmochemistry.
Correction of atomic isobaric interferences
3.3.2 Mass-independent data. As discussed earlier, the mass-independent compositions of 53 Cr (m Cr data is the focus of the technique described here. The external reproducibility was determined by repeated analysis of a pure Cr ICPMS standard solution (peak performance) and Cr chemically puried from the USGS dunite DTS-2B rock standard, which were both measured against the SRM 979 Cr isotopic standard. However, the peak performance and SRM 979 standards contained traces of Fe at a concentration equivalent to a few hundred ppm correction on 54 Cr. Thus, the SRM 979 was puried for Fe through step 1 of the Cr separation procedure described here. No such clean up was conducted for the peak performance Cr standard as this was used as an additional measure to test the reproducibility of a 'dirty' sample. However, we emphasize that the traces of Fe present in the peak performance standard are in much greater concentration (by a factor of $10) compared to that remaining in the natural samples analyzed in this study. Repeated analysis of the peak performance Cr ICPMS solution including the contaminant tests with variable concentrations of interfering elements versus a pure peak performance solution (n ¼ 4) resulted in m 53 Cr and m 54 Cr of +0.3 AE 2.7 (2 sd) and +1.4 AE 3.3 (2 sd), respectively, indistinguishable from zero. While this represents near ideal conditions (no chemical separation procedure), it offers an indication of the best possible accuracy that can be obtained by MC-ICPMS using the analytical conditions employed in this study.
The Cr peak performance solution was also measured versus the puried SRM 979 standard. This test reveals a difference in the stable isotopic composition of d 53 Cr ¼ +0.154 AE 0.011 between these two standard solutions (Table 3) . Further, when the kinetic (¼exponential) law is used for the correction of mass discrimination experienced by the standard solutions a isotope compositions between the two standards reects predominantly variable equilibrium isotope fractionation during the production of the standards. When comparing the isotopic composition of both SRM 979 and peak performance standards to DTS-2B, which is a good representation of the Cr isotopic composition of BSE, it is evident that both standards experienced equilibrium isotope fractionation but to a variable degree (Table 3) . Importantly, the different stable isotope compositions and the systematic offset between DTS-2B and SRM 979 of m 53 Cr ¼ 3.8 AE 1.3 and m
54
Cr ¼ 7.9 AE 5.7 can also, in part, be explained by loss of Cr through an equilibrium process experienced by SRM 979 during its production. The presence of resolvable fractionation effects in the Cr standards highlights the signicance of the precise and accurate isotopic characterization of the Cr isotope standard used in future studies. For example, although this issue has recently been recognized, 18 little attention has been paid to the isotopic composition of the Cr standard used for comparison to meteoritic samples in earlier studies, 5, 6, 17, 27, 44, 45 allowing for potential biases in the data and complicating a detailed comparison.
The most reliable assessment of the external reproducibility of our technique comes from measurements of Cr puried from multiple individually processed aliquots of the DTS-2B standard versus SRM 979 (Table 3 ). In fact, the reproducibility obtained for these samples is similar to or better than that achieved for repeat measurements of pure standard solutions, indicating that no variable bias was introduced through the chemical purication procedure. In combination with all repeat measurements of Cr standards performed in this study, the repeated analyses of DTS-2B indicate that it is possible to achieve an external reproducibility that is better than 2.5 and 5.8 for m 53 Cr and m 54 Cr, respectively. This represents a two-fold improvement compared to all earlier published work.
To further assess the accuracy of our approach, we also measured the Cr isotopic composition of four meteorites that have a known range of nucleosynthetic 54 Cr anomalies.
6,18,20
Within uncertainties, all four samples have 54 Cr anomalies that are in agreement with the published data. A good correlation and no resolvable systematic bias between the new high precision data and previously published data for the same meteorite or class of meteorite exists (Fig. 3) , suggesting that our measurements are accurate to the stated uncertainties for samples with very distinct matrices.
Comparison 
Precision for small sample sizes
The high-precision Cr isotope analysis described here takes advantage of the relatively high Cr concentration of bulk meteorites and, therefore, large amounts of Cr are typically available for analysis. However, when aiming to analyse, for example, individual components in chondrites such as chondrules or refractory inclusions, the amount of available Cr is generally only in the order of a few mg or less. For such sample sizes, traditional TIMS measurements are well-suited although each individual measurement with uncertainties of $20 ppm on 54 Cr requires several hours of machine time. On the other hand, single sample analysis of our method consumes between 3-6 mg of Cr, but results in uncertainties of $10 ppm within $1.5 hours when including the bracketing standard analyses. Thus, the MC-ICPMS potentially provides a much higher throughput of samples with comparable reproducibility.
To evaluate the external reproducibility of our methods for small sample sizes, we reprocessed our peak performance versus SRM 979 data and divided the individual 1660 s peak performance sample analyses into 4 segments of 415 s to simulate a Cr consumption of $1 mg per individual sample measurement, while SRM 979 standard and baseline measurements were le unchanged (Fig. 4) . The reproducibility reached in this test for m
54
Cr of 120 individual sample measurements is 19 ppm (2 sd). This shows that our approach using MC-ICPMS results in comparable precision to measurements of similar amounts of Cr by TIMS, but with MC-ICPMS analysis being signicantly faster and yielding additional stable isotope information.
Acid stepwise dissolution of the Ivuna CI chondrite
As part of the analytical development for the methods presented here, we measured Cr extracted from eleven separates from a stepwise dissolution experiment of the Ivuna CI chondrite that has previously been analysed for the isotopic composition of other elements. 47 The presence of distinct presolar carrier phases of chromium isotopes in primitive chondrites such as Ivuna has been identied in a number of studies using a similar approach, which results in the crude separation of different mineralogical components within a meteorite according to their acid resistance. 1, 6, 15 Because this produces a wide spread in the isotopic and chemical composition of each step, comparison with previous results for the step wise dissolution provides a good test of our analytical method. In addition, the stable isotope data obtained in our study provide additional information that was previously not available. Because these data were produced as part of the development of the analytical protocol developed here, some of the data have been measured with a lower degree of precision and have larger attached uncertainties (Table 4) .
We compare in Fig. 5 our new results for this experiment with previously published Cr isotopic data for the CI chondrite Orgueil obtained by TIMS. 6 Although there are differences in the size of the dissolved sample and the exact number of leaching steps, both datasets follow the same isotopic trends, indicating that the 53 Cr is also in agreement with that of the measured bulk Ivuna.
The stable isotope composition for the individual dissolution steps provides additional information previously not available (Fig. 5C ). While the 54 Cr data apparently suggest that the nucleosynthetic variability of 54 Cr in the solar system is the result of variable contribution of a single carrier phase, the stable isotope data indicate that there are also large stable isotopic variations in the mineral assemblage of Ivuna. Although some of the variations are likely related to partial extraction and fractionation of Cr from a single carrier in different dissolution steps (e.g., steps L2-L5), the observation of reversing trends and individual peaks in the pattern of the dissolution experiment cannot be caused by a single and homogeneous Cr stable isotope composition. In contrast, this observation suggests that multiple carriers of Cr isotopes with diverse stable isotopic composition are present in Ivuna. Such presence of minerals with differences in their stable Cr isotope composition has the potential to explain the Cr stable isotope heterogeneity that exists between bulk solar system reservoirs.
40
In detail, carbonaceous chondrites are on average isotopically lighter than ordinary chondrites and Earth. The dissolution experiment reveals that some of the carriers of isotopically heavy Cr are mineralogically linked with the carriers of 54 Cr enrichments (dissolution steps L8-L10). Although a direct correlation of the Cr stable isotopic composition and variable Similar data for an experiment using the CI chondrite Orgueil from Trinquier et al. 6 are also shown for comparison.
54 Cr enrichment is not apparent from the meteorite data presented here, the presence of large stable isotopic variations in the step wise dissolution of Ivuna that appear to coexist with nucleosynthetic variability suggests that at least in part stable isotopic differences in bulk solar system reservoirs might be a result of the same process that imparted the nucleosynthetic variability in the same reservoirs.
Conclusions
In this paper we describe novel analytical protocols for the highly precise and accurate determination of the stable and mass-independent Cr isotopic composition of silicate samples by MC-ICPMS. Our results can be summarized as follows:
(1) Repeat measurements of standards indicate that m 53 Cr and m 54 Cr can be measured with a precision that is better than 2.5 and 5.8, respectively. Although the method described here consumes substantially more Cr than traditional TIMS analyses, it also allows for a signicantly improved (by a factor of at least two) reproducibility. The stable Cr isotope composition obtained concurrently to the mass-independent data has a precision of 0.05& Da À1 , which is comparable to other studies.
(2) Our high precision data reveal small differences in the mass-independent composition between different Cr standards and BSE when using the kinetic law for mass bias correction. These differences are best explained by the loss of Cr during the production of the standards by equilibrium mass fractionation. This highlights the importance of carefully assessing and stating the Cr isotopic composition of the standard with respect to Earth when making precise measurements of the massindependent composition.
(3) When comparing data blocks equivalent to 1 mg of Cr consumption a reproducibility of the MC-ICPMS data of 19 ppm for m 54 Cr was achieved. This is comparable to the amount of Cr used by traditional TIMS analysis for similar precision, while the MC-ICPMS data also contain stable Cr isotope information and require signicantly less time allowing for increased sample throughput.
(4) Stable Cr data for the achondrites Bilanga and NWA 2999 do not agree with the interpretation of Moynier et al. 40 that differences in the stable Cr isotope composition of Earth and chondrites are the result of fractionation during metal-silicate differentiation, but suggest, in agreement with the presence of mineralogical phases with distinct Cr stable isotopic composition in the CI chondrite Ivuna, that these differences are predominantly a result of slightly diverse Cr stable isotope compositions of the precursors they accreted from.
(5)
Step wise dissolution experiment of the CI chondrite Ivuna demonstrates the advantage of using the MC-ICPMS over the TIMS by revealing previously unknown carriers of large Cr stable isotope variations that co-vary with the known presence of carriers of large mass-independent anomalies.
